Abstract-Mass production of consumer electronics devices and market competition have provided users with cost-effective, compact, and high-performance products with high-end components including digital cameras, graphics processing units, and various sensors. This opened up the opportunity for researchers, and even citizen scientists, to develop novel imaging, sensing, and diagnostics platforms using mobile phones as an underlying platform. Mobile phones' hardware and software technical capabilities, wireless connectivity, and wide-spread use, in billions, have made them ideal, especially to address the global demand for accurate, sensitive, cost-effective, and field-portable measurement devices that can be used in remote and resource-limited settings around the world. This Review focuses on these recent advances in the use of mobile phone-based imaging and sensing techniques for point of care applications, including microscopy and diagnostic testing. The achievements demonstrated so far illustrate the potential to globally transform and democratize measurement science in general, with a significant impact for scientists, engineers, and educators.
I. INTRODUCTION

C
ONSUMER electronics devices provide users with costeffective, compact, and high-performance products with various components and interfaces that can be used as a platform for conducting advanced measurements. This opened up numerous opportunities for researchers to develop novel imaging and sensing platforms using mobile phones, scanners, and disc players, among others [1] - [8] . In particular, mobile phones offer a unique platform with coverage and data connectivity almost everywhere in the globe: as for 2015, there are ∼1.5 billion mobile-cellular subscriptions in developed countries and ∼5.6 billion in the developing world, corresponding to ∼97% global penetration rate [9] . Mobile phones' technical capabilities (e.g., ∼80% of the currently used mobile phones have cameras [10] ) and wide-spread use have made them ideal candidates to potentially address the broad need for accurate, cost-effective, and portable measurement devices able to transmit data and/or results in real time, especially in remote and resource-limited settings around the world [11] - [14] . We believe that these mobile phone based innovations have the potential to create a significant and transformative impact in diverse areas such as health care, environmental monitoring, and education, while also providing opportunities for the democratization of measurement science in general [1] .
In this Review, we will discuss some of these recent advances in mobile phone based imaging and sensing for point of care (POC) applications where field-portability, cost-effectiveness, rapid and easy-to-use interfaces have already been demonstrated. First we will review mobile phone based microscopy modalities, such as bright-field and fluorescence microscopy, including an overview of the imaging sensor technology that is at the core of these advancements. Next, we will review various sensing applications enabled by mobile phone based platforms. Finally, mobile phone based medical diagnostics tools for POC applications will be reviewed.
II. MOBILE PHONE BASED MICROSCOPY
Conventional microscopy remains as one of the gold standards in diagnosis or screening of various diseases [15] . However, it typically involves bulky and costly equipment that must be operated by trained staff, partially limiting its field applications. To address these issues, researchers have implemented portable, cost-effective, and easy-to-use mobile phone based microscopy tools suitable for POC needs. Mobile phones have been transformed into microscopes by external attachments or accessories that take advantage of the phone's already embedded lens and/or opto-electronic image sensor. Microscopic images taken with a mobile phone can be processed and analyzed in situ or transmitted to remote locations for telemedicine applications. A key and common component in these approaches is the image sensor in our cellphones, typically a complementary-metaloxide-semiconductor (CMOS) imager chip. Hence, before we review specific mobile phone based microscopy modalities and their results, we will briefly discuss CMOS imager chip technology in the next subsection.
A. CMOS Imager Technology
Sensitivity, high frame rate, compactness, and low power consumption are among the main features of modern CMOS sensors. Advances in the optical imaging hardware of mobile phones have been consistent over the past two decades, with their mega-pixel count doubling about every two years and recently reaching more than 40 mega-pixels (see Fig. 1 ) [1] . The wavelengths that can be detected in a typical CMOS imager chip are in the range of ∼380-1100 nm, although ultraviolet (UV) and infrared (IR) filters are frequently added in camera designs to detect light only in the visible spectrum. Color information is digitally generated by using a pattern of color filters on the pixel array, typically a Bayer pattern with red-green-blue (RGB) filters in a repetitive 2 × 2 grid that contains twice as many green as red or blue filters/pixels [2] .
The recent uses of CMOS sensor-array technology in diverse scientific imaging applications have facilitated significant advancements in various areas [16] , including single-molecule switching nanoscopy techniques [17] , [18] . For example, a scientific CMOS and camera-specific algorithms enabled precise localization of single-molecules at high speeds (∼400 frames/s), creating digital images of fixed and living cells, paving the way for high-throughput nanoscopy tools using CMOS technology [19] . As another example, the trade-off between spatial resolution and FOV has been overcome by the development of lensfree computational microscopes on a chip [20] , [21] . Using a CMOS sensor-array, such as the ones installed on our smartphones, high-resolution and wide FOV (20.5 mm 2 ) imaging of pathology samples was achieved with a lensfree microscope [22] . Interestingly, the space-bandwidth product of these lensfree on-chip imaging systems has been doubling approximately every two years, benefiting from the increase in the mega-pixel count of our mobile phones, as outlined in Fig. 1 . Fig. 2 . Bright-field microscopy on mobile phones. (a) Device for lensfree high resolution microscopy on a cellphone over large FOVs based on partiallycoherent in-line holography [24] -Reproduced by permission of The Royal Society of Chemistry. (b) Cellphone-mounted light microscope capable of brightfield and fluorescence imaging. Reprinted from ref. [25] with permission from PLOS ONE. (c) Reversed mobile phone camera lens added to an intact mobile phone for fluorescence and dark-field (left) [14] , [31] and bright-field (right) [32] microscopy. (Left) Adapted with permission from ref. [31] Copyright 2013 American Chemical Society. (Right) Adapted from ref. [32] with permission from PLOS ONE.
B. Bright-Field Microscopy Using Mobile Phones
Mobile phone based microscopy typically involves custommade cellphone attachments used to provide consistent illumination, for instance, with an integrated light emitting diode (LED), and to hold the sample and the necessary optical components, as seen in Fig. 2(a)-(b) . Two main approaches have been used for imaging: lensfree [23] , [24] and lens based [25] . Imaging over large FOVs at high spatial resolution is especially desirable for applications in POC diagnostics. To address this, computational microscopy based on partially-coherent lensfree digital in-line holography was implemented on a field-portable, USB-powered stand-alone device [26] . Resolution of ∼1.5 μm was achieved over ∼24 mm 2 FOV, taking full advantage of the active imaging area of the CMOS image sensor employed. This lensfree microscopy approach was also demonstrated on a conventional cellphone (see Fig. 2(a) ), with a light-weight attachment (∼38 g) used for imaging of blood cells, waterborne parasites, and microparticles [23] , [24] . The attachment enclosed a battery-powered LED (at 587 nm) with a pinhole (∼100 μm) in front of the source for partially-coherent illumination of the sample, which is loaded from the side using a mechanical sample holder (see Fig. 2(a) ). The light that is scattered from the sample interferes with the unperturbed background light creating in-line holograms that are recorded by the CMOS sensor embedded in the cellphone. Amplitude and phase images of the micro-objects are then obtained using iterative holographic reconstruction algorithms. Although spatial resolution in this imaging scheme is limited by CMOS sensor pixel size, researchers later implemented pixel-super resolution algorithms together with an array of sources (e.g., LEDs) achieving deeply sub-micron resolution over the same ∼24 mm 2 FOV on a field-portable lensfree microscope [27] . It should be emphasized that, compared to incoherent microscopy systems which can only image intensity of the objects, these holographic imaging approaches recover both amplitude and phase information of the objects, where the latter can especially be important for weakly scattering objects such as bacteria in water. A more detailed discussion and comparison of coherent versus incoherent imaging systems from the perspective of mobile microscopes can be found in Ref. [33] .
Following a lens based approach, Breslauer et al. built a cellphone-mounted light microscope (see Fig. 2(b) ) incorporating a conventional microscope objective and demonstrated bright-field imaging of P-falciparum-infected and sickle red blood cells [25] . This system had ∼1.2 μm resolution over a FOV of ∼180 μm diameter and it was also capable of fluorescence imaging. Smith et al. performed transmission and polarized microscopy on a cellphone by adding a ball lens, achieving 1.5 μm resolution over a FOV of ∼150 μm × 150 μm [28] . A similar ball lens based cellphone microscope was later evaluated for POC diagnosis of soil-transmitted helminth infections in children on Pemba Island, Tanzania [29] . More recently, Sung et al. also fabricated a low-cost polydimethylsiloxane (PDMS) lens that can be adhered to the phone camera without any additional elements, producing images at ∼1 μm resolution for microscopy applications [30] .
These lens based implementations and designs are in general limited by the trade-off between resolution and FOV and would necessitate mechanical scanning to extend their FOV beyond, e.g., 1-2 mm 2 . In a recent effort to attain imaging over larger FOVs in lens based systems, several research groups also used a reversed mobile phone camera lens added to an intact mobile phone as illustrated in Fig. 2(c) [14] , [31] , [32] . For example, Switz et al. used this approach for bright-field microscopy imaging of a blood smear and eggs of Ascaris lumbricoides in a stool sample [32] . This cellphone based microscope employed an LED array, an illumination shaping filter, and a diffuser to illuminate the sample. Then, by positioning an inverted lens module adjacent to the phone's camera, a unit magnification image of the sample was projected onto the phone's imaging sensor. A resolution of ∼5 μm over a FOV of ∼10 mm 2 was achieved.
Another computational imaging approach capable of using the entire active area of the CMOS sensor chip of the mobile phone as its object FOV is based on multi-frame contact imaging on a fiber-optic array [33] . The corresponding device, called Contact Scope, consists of an opto-mechanical add-on (∼76 g) to the existing cellphone camera unit and is shown to image highly dense samples (e.g., blood smears). An LED, after passing through a diffuser, uniformly illuminates the sample that is placed in contact with the top facet of a tapered fiber optic array. The pattern of light is then transmitted onto the bottom facet of the array, having ∼9 fold lower density of fiber optic cables compared to the top facet. Two lenses (including the embedded camera lens of the mobile phone) project this magnified image of the object onto the CMOS imager chip of the phone. To obtain a final higher resolution image of the sample, a shift-andadd algorithm running on the cellphone was used to combine a series of contact images generated by manual rotation of the fiber-optic array with discrete angular increments (e.g., 1-2°). This initial design of Contact Scope achieved > 1.5-2.5 μm spatial resolution and up to 15 mm 2 of usable FOV.
C. Fluorescence Microscopy Using Mobile Phones
Disease detection and diagnosis using imaging methods can benefit from the enhanced sensitivity and specificity offered by fluorescence microscopy, enabling detection capabilities at the nanometer scale. Cellphone based fluorescence microscopy platforms have been demonstrated by using various optical configurations such as Köhler illumination [25] , waveguide coupling [34] - [36] , and orthogonal illumination [37] . These implementations typically use LEDs for fluorescence excitation and provide sufficient levels of signal to noise ratio (SNR) for the observation and/or quantification of fluorescently labeled micro scale objects, such as blood cells and pathogens [25] , [34] - [36] . However, direct visualization of nanoscale fluorescent objects in these earlier cellphone based designs has been a challenge due to their limited SNR.
A different fluorescence microscopy design on a cellphone that can image individual nanoscale objects in field settings has been recently reported (see Fig. 3(a) ) [31] . This lightweight imaging design relied on a high-angle oblique excitation beam (75°) from a laser-diode to create dark-field illumination for improving the detection SNR. The fluorescence signals were collected by a low numerical aperture (NA) external lens (i.e., a flipped cellphone lens), and passed through an interference filter placed in between this external lens and the cellphone camera lens (see Fig. 2(c) ). This handheld fluorescence imaging device provides a magnification of ∼1.6×, a spatial resolution of ∼1.5 μm, and a FOV of ∼2 mm 2 . Using another external lens (also taken from a mobile phone) that has a higher NA, the same imaging configuration also achieves < 0.9 μm resolution with a magnification of ∼2.7×. With this platform, researchers performed imaging of individual fluorescent nanoparticles (∼100 nm diameter), and single human cytomegalovirus (HCMV) labeled with Alexa 488 conjugated antibodies.
More recently, the use of a similar field-portable mobilephone based microscope was demonstrated for imaging and sizing of single DNA molecules that were fluorescently labeled and stretched as seen in Fig. 3(a) [14] . The mobile phone device performed high throughput imaging of thousands of lambda (λ) bacteriophage DNA (48 kbp) in a single frame due to its large FOV, where the contrast of the cellphone images corresponding to single DNA molecules was comparable to that obtained by a benchtop fluorescence microscope with a 100× objective (NA = 1.3). Furthermore, a smart application was created to transmit the captured DNA images between the cellphone and a remote server, and a computational interface was also developed to rapidly quantify the length of single DNA molecules that are imaged on the phone. This mobile system achieved a length sizing accuracy of < 1 kbp for 10 kbp and longer DNA molecules.
In addition to these previous examples, Thom et al. demonstrated a POC assay strategy with a fluorescence based readout using a cellphone camera [38] . The design included a selfpowered LED in a paper based microfluidic device, which also hosted the enzymatic reaction, and a simple cellphone case with an emission filter (see Fig. 3 Fluorescence intensity ratio (between red and green channels) measured by a cellphone camera enabled quantification of the analytes. A microsphere based fluorescence immunoassay for the detection of anti-recombinant bovine somatotropin (rbST) antibodies in milk extracts using a mobile phone platform has also been developed [40] . Fluorescence from quantum dot (QD)-labeled detection antibodies was imaged with a mobile phone camera and normalized using the microsphere count from darkfield images also taken with the cellphone, achieving ∼80% sensitivity and ∼95% specificity. Recently, Barbosa et al. quantified prostate specific antigen (PSA) using a fluorescence sandwich immunoassay on a mobile phone based platform [41] , achieving a limit of detection (LOD) of 0.08 ng/mL from whole blood samples in ∼22 min total assay time. Various other implementations of fluorescence detection on mobile phone based sensing platforms will also be presented in subsequent sections.
D. Other Microscopy Modalities Based on Mobile Phones
In addition to bright-field and fluorescence microscopy, other imaging modalities have also been implemented using mobile phones. For example, dark-field microscopy on a cellphone has been demonstrated using a compact, light-weight (∼28 g), and cost-effective interface, as illustrated in Fig. 4 [34] . In this design, a white LED illuminates the sample of interest from the side using butt-coupling and the side-scattered light from the objects creates dark-field images, in addition to fluorescence imaging. Wu et al. implemented another dark-field microscope compatible with mobile devices, where both the overall cellular structure (in a bright-field image) and the scattering profile of the cell nucleus (in a dark-field image) were captured at different locations on the CMOS imager [42] .
III. MOBILE PHONE BASED SENSING
Mobile phone based microscopy modalities reviewed in the previous section, along with the cellphone's capability to loa) based on their "wriggling" motion. From ref. [11] . Reprinted with permission from AAAS. (e) Scattering based quantification of E. coli using a smartphone. Reproduced from ref. [47] .
capture color images and video with high sensitivity, have opened up various opportunities for imaging based sensing, especially in POC settings. An important feature of mobile phone based sensing platforms is their versatility in detecting and analyzing a variety of targets ranging from cells to inorganic analytes. In particular, sensing of biomarkers such as DNA and proteins offers the possibility to create cost-effective mobile diagnostic platforms. Another enabler catalyst for this has been the advancements in lab-on-a-chip technologies that facilitate cost-effective, field-portable, and rapid sample processing to achieve high specificity and sensitivity [43] , [44] . Starting with the next subsection, we will review some of these emerging mobile phone based sensing approaches that show promise for various applications in biomedicine, chemistry, food and water safety, and environmental monitoring, among others.
A. Cytometric Analysis
Direct visualization of cells or microorganisms has been demonstrated using mobile phone based microscopy tools, including blood cells [24] , [25] , [28] , [33] and tuberculosis (TB) bacilli [25] (see Fig. 5(a) ). Compact and cost-effective flow cytometry on a cellphone for rapid blood analysis has also been implemented [35] , [45] . In one of these recent cytometry approaches, three custom-designed add-on components (see Fig. 5(b) ) that can be attached to a universal base connected to a cellphone were designed to perform measurements of leukocyte counts (using fluorescence), erythrocyte counts (using brightfield), and hemoglobin density (based on absorbance quantification) [45] . Captured images were locally processed on the phone and the results were displayed on the cellphone using a customwritten application, achieving a performance comparable to a standard benchtop hematology analyzer that is approved by the U.S. Food and Drug Administration (FDA). In addition to these, cellphone based imaging of fluorescent single nanoparticles and viruses (HCMV) has been recently reported [31] . In these experiments, cellphone based virus counting results showed a strong correlation with the raw virus concentrations in fluidic samples over a wide concentration range, from 10 3 to 10 7 pfu/mL, which is quite promising for POC viral load measurements.
Mobile phone based imaging and counting of microorganisms that pose threat to public health safety, such as Escherichia coli (E. coli) [36] and Giardia lamblia [13] , [24] have also been demonstrated. Using a QD based sandwich assay, E. coli detection down to ∼5 to 10 cfu/mL was achieved, both in water and milk samples [36] . In a recent work, custom-designed disposable water sample cassettes were used to capture fluorescently labeled Giardia cysts from large volumes of water (e.g., 10-20 mL) [13] . A cellphone attachment (∼250 g, see Fig. 5(c) ) which holds the filtering cassette, also encloses the necessary components to enable fluorescence microscopy. A fluorescence image of the filter surface (area: ∼0.8 cm 2 ) is then wirelessly transmitted to remote servers, where a machine learning algorithm automatically detects and counts individual Giardia cysts, providing the detection results back to the cellphone in < 2 min. Sample preparation, labeling, filtering, imaging, automated detection, and enumeration of Giardia cysts takes ∼1 h, with an LOD of ∼12 cysts per 10 mL. This sensing platform, incorporating machine learning for detection and quantification of individual cells or microorganisms on a cellphone, could be also used for specific and sensitive detection of other pathogens in various fluids of interest.
D'Ambrosio et al. recently implemented a compact brightfield video microscope on a cellphone for imaging the "wriggling" motion of Loa loa (L. loa) microfilariae (mf) parasites (∼200 μm in length) in whole blood [11] . In this device ( Fig. 5(d) ), the counting of L. loa mf from video frames is based on image processing algorithms that detect scattering changes in blood caused by the locomotion of the parasite. Blood samples of interest were loaded into glass capillaries and the analysis of a single FOV (4 mm × 3.16 mm) provided volumetric quantification of 2.59 μL of whole blood. This cellphone based platform achieved a low false-negative rate of ∼1 in 10 million (estimated for five FOVs), with 100% sensitivity (for patients with > 30 000 mf/mL) and 94% specificity as determined from the manual counts of thick blood smears.
Indirect cytometric analysis on mobile phones has also been demonstrated using alternative assays and optical sensing mechanisms other than bright-field or fluorescence microscopy. Park et al. performed Salmonella detection based on Mie scattering from immunoagglutinated submicron particles on multichannel paper microfluidics [46] . Microfluidic channels were pre-loaded with anti-Salmonella conjugated particles, dried, dipped into the sample solution and imaged with the cellphone. Because the assay senses the presence of free antigens but not cells, an LOD of 10 2 cfu/mL was achieved. Using the same scattering based architecture (see Fig. 5(e) ), Park and Yoon have recently showed single-cell-level detection of E. coli from field water samples [47] . Kadlec et al. used a mobile phone based system, termed iPhotometer, to quantify the growth of E. coli strains causing urinary tract infection for quick evaluation of their antimicrobial resistance [48] . In their approach, microwell arrays that are gas-permeable to facilitate rapid bacterial growth were pre-coated with antibiotics. Bacteria and a cell viability reagent, water-soluble tetrazolium salts-8 (WST-8), are then loaded into the microwells, where WST-8 is metabolized by the bacteria to produce formazan dye. The iPhotometer system quantifies the amount of dye produced using absorbance measurements at ∼450 nm, where highest absorbance occurs.
By adjusting the incubation time, the system allows testing for samples ranging from 10 to 10 6 cfu/mL in their initial bacterial concentrations.
B. Sensing of DNA
DNA biomarkers can be detected through mobile phones using various sensing mechanisms. In order to detect the low copy number of target DNA molecules in biological samples, either pre-or in situ DNA amplification steps such as polymerase chain reaction (PCR) and loop-mediated isothermal amplification (LAMP) can be combined with mobile sensing platforms to enhance the signal intensity. Several promising techniques have been reported in this category recently. For example, Lee et al. reported a cellphone based portable PCR device for the amplification and detection of hepatitis B virus (HBV) plasmid [49] . A convective PCR technology was implemented on the mobile device to eliminate the need for thermal cycling control. The device utilized an isothermal heater at the bottom of a 75 μL reaction tube to create a temperature gradient between 67 and 95°C along the tube. The reaction tube was then excited with a blue LED and the fluorescence signal was captured by the cellphone from the side to quantify the concentration of HBV plasmid. The detection sensitivity reported was ∼400 copies of HBV per mL in a reaction time of 20 min. Furthermore, the accuracy of the mobile PCR device for detecting HBV positive samples was tested over ten different mobile phone devices and the results were compared with conventional electrophoresis analysis. The accuracy rate for the positive samples was ࣙ 90% for nine out of ten mobile phones for detecting 1000 copies/mL HBV plasmid. As an alternative approach, Jiang et al. demonstrated a strategy to perform PCR reaction with mobile phones at the POC by utilizing solar heating for creating three different temperature zones on the microfluidic PCR chip [50] .
In addition to PCR, isothermal DNA amplification methods such as LAMP have also been demonstrated on mobile phone sensing platforms to circumvent the challenges associated with thermal cycling encountered in PCR. The role of mobile phones in this application varies significantly, from a data storage/transmission device [51] to an actual optical sensing platform by using the embedded camera modules [52] . Recently, Selck et al. demonstrated a cellphone based fluorescence imaging device (see Fig. 6(a) ) for quantifying digital reversetranscription loop mediated amplification (RT-LAMP) on a chip for the detection of human immunodeficiency virus, HIV-1, RNA molecules [53] . This mobile fluorescence platform utilized the cellphone flash as the light source and an excitation filter to select the desired excitation wavelength. The fluorescence signal of the digital LAMP (dLAMP) assay was collected by an external objective in front of the cellphone camera and digitized by the cellphone camera after passing through an emission filter. This study demonstrated the robustness of dLAMP in the context of fluctuations in reaction temperature and time, as well as the robustness of the cellphone device for reading fluorescence digital assays under different lighting conditions. DNA molecules can also be detected using mobile phone devices by performing pre-amplification off the phone or without any amplification steps at all. Veigas et al. developed a paper based gold nanoparticle (Au NP) colorimetric assay and mobile phone as the optical reader for the detection of mycobacterium tuberculosis complex (MTBC) DNA [54] . The detection mechanism relied on the salt-induced color change due to Au NPs that are functionalized with single-stranded probe DNA. This assay shows blue color in the absence of the complementary target TB DNA when dried on the paper substrate, while the target DNA sequence bound Au NPs remained red. By analyzing the intensity ratio between the red and blue channels of the cellphone images, detection of 30 μg/mL TB DNA was demonstrated. Along the same lines, Mancuso et al. demonstrated a smartphone attachment capable of measuring Kaposi's sarcoma associated herpesvirus (KSHV) DNA concentrations by implementing an Au NP based colorimetric assay in a microfluidic chip, see Fig. 6(b) [55] . In this case, the target DNA sequence induced nanoparticle aggregation and thus a lower optical density (OD) of the solution. The smartphone attachment contained an LED and photodetector for OD measurements and was able to detect KSHV DNA down to 1 nM concentration. In another embodiment, Zhang et al. reported a cellphone based DNA microarray reader which consisted of a cellphone attachment capable of capturing a transmission image of the DNA microarray slide under white LED illumination [56] . The microarray slide was functionalized with multiplexed ssDNA probes, and the array contrast after capturing target DNA sequence was further enhanced by magnetic bead-attached ssDNA probes. With this handheld device, LOD of 1 ng genomic DNA per 15 μL sample volume with common mutations associated with hearing loss was achieved. Huang and Ugaz developed a label-free DNA detection method based on the electrochemical dissolution activity of chromium, where the reflection intensity of chromium electrode was monitored by the mobile phone using white light illumination [57] . While the exact mechanism remained to be further explored, the authors observed faster chromium dissolution in the presence of DNA or with decreasing DNA length, which shows the potential of this method for monitoring PCR reactions.
Fluorescence based approaches also gain popularity for rapid and direct DNA detection on mobile devices. Noor and Krull reported a POC DNA diagnostic platform (see Fig. 6(c) ) by combining a paper based fluorescence resonance energy transfer (FRET) sensor and a consumer electronics device such as an iPad for fluorescence detection [58] . Hybridization of the target DNA sequence brought Cy3 acceptor molecules close to the surface of paper-immobilized green-emitting donor QDs to activate FRET based fluorescence emission. A detection limit of 450 fM was demonstrated by analyzing the ratiometric fluorescence intensity of the images acquired by an iPad. In another example, Fronczek et al. developed a paper microfluidic device for the extraction and fluorescent detection of Salmonella Typhimurium DNA from diluted poultry packaging liquid, whole blood, and fecal samples using a smartphone [59] . The system achieved an LOD of ∼10 3 cfu/mL for screening of Salmonella.
C. Sensing of Proteins and Other Biomarkers
Proteins and biologically relevant small molecules are also important biomarkers that can be detected through, e.g., antibody based recognition assays that run through cellphone devices. As a great example, ELISA is a popular biochemical assay which forms a sandwich structure of immobilized capturing antibody, target antigen/biomarker, and enzyme-conjugated secondary antibodies, which is used to generate colorimetric or fluorescent signals via an enzymatic amplification. ELISA assays are conventionally performed in 96 well plates and scanned by relatively expensive and bulky benchtop plate readers. Implementation of ELISA assays on mobile phone imaging platforms still remains an important challenge primarily due to image distortions at the edges of the large 96 well plate and the long working distance (10-30 cm) between the cellphone and the sample plane. To address these limitations, a novel cellphone attachment which can image the entire 96 well plate with uniform sensitivity in a cost-effective and hand-held device was recently developed [60] . This 3D-printed opto-mechanical attachment (see Fig. 7(a) ) utilized a bundle of 96 individual multi-mode optical fibers that are coupled to the bottom of each well to collect the transmission signals, creating a much smaller imaging area (∼15 mm × 15 mm) at the end of the fiber bundle which is more than two orders of magnitude smaller than the actual area of the plate. This ELISA reader also combined nonlinear regression and machine learning based image analysis to obtain both quantitative and qualitative ELISA test results. Four FDAapproved ELISA tests, including mumps IgG, measles IgG, and herpes simplex virus IgG (HSV-1 and HSV-2) were performed on this mobile platform in a clinical setting with a total of 1138 patient samples. An overall accuracy of 99.6%, 98.6%, 99.4% and 99.4% was demonstrated on the mobile device for mumps, measles, HSV-1 and HSV-2 tests, respectively, when compared with a conventional FDA approved benchtop plate reader, see Fig. 7(a) . For the same aim, Vashist et al. also reported a mobile phone based 96 well plate ELISA reader platform with a custom-built case to hold both the plate and mobile phone [61] . An LOD of 0.40 ng/mL for a C-reactive protein (CRP) ELISA test was achieved, while the LOD of a horseradish peroxidase (HRP) based ELISA test was confirmed as 0.11 ng/mL.
Nontraditional ELISA testing has also been demonstrated on mobile phones. A droplet based ELISA assay was integrated with a cellphone fluorescence reader to diagnose HIV p24 capsid protein for POC viral load measurement [62] . Stable and monodisperse droplets of 40 μm diameter were generated by a microfluidic device at a rate of 1 kHz, and each droplet contained a single 10 μm size antibody functionalized magnetic bead. At low protein concentrations, each magnetic particle captured either one target protein or no proteins to produce a binary digital signal for each droplet. Massively parallel arrays of droplets were then imaged and counted by the cellphone fluorescence imaging device with a wide FOV of 1 cm 2 . Chen et al. also reported a smartphone-interfaced microfluidic ELISA platform (see Fig. 7(b) ) for the detection of a food contaminant, i.e., 2,2 ,4,4 -tetrabromodiphenyl ether (BDE-47) [63] . The mobile phone was not only used to capture the image of the colorimetric ELISA assay on the microfluidic chip but also to control the microfluidic operation by converting the disposable electrodes into microfluidic pumps with voltage input control from the cellphone. An LOD for BDE-47 of ∼1 ng/L was demonstrated.
As an alternative to ELISA, lateral flow assays (LFAs) form a simple biomarker testing approach based on the binding of target analyte to the designed areas of the test strips during the flow of fluid sample along the strip. Gold nanoparticles are frequently used as color enhancing agents in LFAs. Despite their lower sensitivity compared to ELISA tests, LFAs are still widely used for POC testing due to their simplicity, low cost, and fast result turnaround time. While conventional LFA test results are mostly qualitative (e.g., "positive" or "negative"), combined with mobile sensing platforms, quantitative LFA reading becomes feasible. As an example, a cellphone based rapid-diagnostic-test (RDT) reader (see Fig. 7(c) ) for various LFA tests such as TB, malaria, and HIV has been demonstrated both on Android phones and iPhone [64] . This compact cellphone attachment (∼65 g) utilized two diffused green LED arrays mounted in front of the LFA test strip for reflection based imaging, while a third diffused LED array placed behind the test strip also provided the opportunity of transmission imaging of the RDT, if necessary. A smart application running on the same phone digitally processed the captured images within 0.2 s, yielding the diagnostic read-out of each test. This RDT reader technology has been commercialized by Holomic LLC [65] , including a fluorescent RDT reader for quantification of multiplexed fluorescent assays. While colorimetric LFA is more popular, fluorescent LFA is especially attractive due to its enhanced sensitivity and wide dynamic range.
Similar reader devices based on mobile phones have also been used to diagnose multibacillary leprosy [66] and food contamination induced by aflatoxin [67] by combing specific immunochromatographic strips. Researches have also demonstrated a compact smartphone accessory that can work with test strips that do not have a protective housing [68] - [70] . This system has been demonstrated for monitoring of pH in sweat or saliva [68] , cholesterol [69] and vitamin D levels [70] in blood samples.
Lee et al. also demonstrated a cellphone based fluorescent LFA reader by using inexpensive plastic film or colored glass filters, and an LED as the excitation light which illumined the test strip with an incidence angle of 80° [71] . Biomarkers such as bovine serum albumen or human chorionic gonadotropin (hCG) were captured by immobilized binding ligands on the strip, and then fluorescently labeled with biotinylated secondary antibody and fluorophore-conjugated streptavidin. As another example, Lin et al. developed an electrophoretic immunochromatographic assays termed lateral e-flow assay (LeFA) in conjugation with fluorescence mobile phone reader for multiplexed biomarker detection [72] . Different from conventional LFA conducted on cellulose substrates, LeFA was performed in microchannels that were filled with 3D photo-patternable hydrogel, where molecular transportation was driven by electrophoresis. In the proofof-concept experiment, three hepatitis C virus (HCV) antigens namely c100p, c22p, and c33c were photo-patterned in different regions of the microchannel for capturing of sera HCV antibodies and further fluorescently labeled with dye-conjugated secondary antibodies. The barcode fluorescence readout was then detected by a mobile phone attachment which integrated a 10× objective and dual bandpass filters for two-color fluorescence imaging.
Similar to LFAs, paper based microfluidic devices are extremely inexpensive, and can be engineered into complex forms to conduct complicated biomarker detection assays. The conjugation of paper based devices with mobile phone imaging platforms results in a promising diagnostic system that may have many potential applications in developing countries and remote areas. Martinez et al. demonstrated the use of camera phones for quantification of paper based microfluidic assays as a proof of concept [73] . The paper based devices consisted of four microfluidic channels (see Fig. 7(d) ) to perform colorimetric glucose and protein assays with LODs of 0.5 mM (glucose) and 4 μM (protein), respectively. Cellphone camera demonstrated accurate and quantitative results in measuring the concentrations of glucose (error ࣘ 11%) and protein (error ࣘ 7%) in artificial urine samples. Petryayeva et al. also demonstrated a paper based QD FRET assay combined with a fluorescent cellphone reader to measure thrombin biomarkers in whole blood samples [74] . The paper device consisted of a FRET system based on donor QD630 and Alexa 647-conjugated peptide substrates for thrombin. The recovered QD photoluminescence signals were proportional to the increased concentrations of thrombin, achieving a detection sensitivity of 18 units/mL. Multiplexed detection of protease such as trypsin, chymotrypsin, and enterokinase has also been demonstrated by using a mobile phone and a similar QD FRET detection principle [75] .
A variety of other optical sensing and measurement techniques have also been demonstrated on mobile phones for the detection of biomarkers. For example, Smith et al. transformed a mobile phone into a visible-light spectrometer by adding a grating and a collimating tube to the phone's camera, achieving ∼300 nm bandwidth with ∼5 nm spectral resolution [28] . More recently, Gallegos et al. used the cellphone camera as a spectrometer for label-free biodetection on a photonic crystal [76] . Light from an external broadband source (such as an LED) enters the system through a pinhole and is collimated by a lens, then passes through a linear polarizing filter, the photonic crystal, a cylindrical lens, and a diffraction grating that disperses the wavelength components of the light onto the cellphone's CMOS sensor-array. A cellphone app analyzes the acquired images and computes the resonant wavelength of the photonic crystal with an accuracy of ∼9 pm. Detection of a protein monolayer adsorbed onto the photonic crystal was demonstrated using this system.
D. Sensing of Small Analytes and Molecules
In addition to sensing of biological specimens and biomarkers, researchers have also utilized mobile phone platforms as valuable analytic measurement tools for detection of small analytes and molecules [77] - [80] . As an example, colorimetric sensing of mercury is especially important for water quality and environmental monitoring applications. El Kaoutit et al. developed colorimetric substrates for detection of mercury(II) ions (Hg 2+ ) in water samples [81] . Cellphone imaging of these substrates was implemented for mercury(II) quantification in the millimolar to nanomolar range; however, variability from illumination conditions and user operation limit the sensitivity and reproducibility of this approach. As an alternative, mobile phone based mercury(II) detection in water samples using a colorimetric assay that is based on plasmonic Au NP and aptamers was also demonstrated [82] . In this implementation, a lightweight (∼37 g) cellphone add-on enclosed two LEDs (at 523 and 625 nm), a diffuser, two cuvettes (control and sample), and an external lens (see Fig. 8 ). This mobile system achieved sensitive mercury(II) quantification with an LOD of ∼3.5 ppb using a two-color ratiometric method and a custom-developed application for rapid processing of the acquired transmission images. This mobile phone based sensing platform was utilized to create a spatiotemporal map of mercury contamination in the coastal area of Los Angeles (California, USA), see Fig. 8 .
Along the lines of water quality monitoring applications, Sumriddetchkajorn et al. implemented monitoring of chlorine in water samples using a rapid colorimetric test quantified with a mobile phone [83] . A cellphone attachment provided consistent illumination conditions and a self-referencing configuration for measuring 0.06-2.0 ppm levels of chlorine in water. Lopez-Ruiz et al. demonstrated simultaneous measurement of pH and nitrite concentration in water samples via a colorimetric paper based test quantified with images captured by a mobile phone [84] . Using the flash from the cellphone as the light source (under controlled illumination conditions) and customized algorithms for image analysis, a resolution of 0.04 units of pH and a nitrite LOD of 0.52 mg/L were claimed. Recently, Sicard et al. also implemented colorimetric tests on paper based sensors for the detection of organophosphate pesticides [85] . Simultaneous cellphone based imaging of test and control paper strips along with image processing algorithms running on the cellphone, made analyte quantification possible despite variability of the illumination conditions.
IV. MOBILE PHONE BASED DIAGNOSTICS TOOLS
Mobile phone based imaging and sensing platforms present valuable tools for POC diagnostics because of their costeffectiveness, field-portability, and ease of use. As already detailed in the previous sections, cell/microorganism imaging and counting capabilities and sensing of biomarkers demonstrated on mobile phones can achieve clinically relevant performance levels [37] , [45] , [49] , [73] . For example, the mobile phone based RDT reader described in Fig. 7(c) is a universal platform compatible with different cellphone devices and various RDT formats such as dipsticks, cassettes, strips, cards, or pads [64] . Successful quantitative and real-time analysis of immunochromatographic RDTs, even at low antigen concentrations, indicates significant advantages of this mobile phone platform over visual assessment of RDT results. Combined with spatiotemporal mapping of tests results, this platform could also be useful for epidemiology.
Mobile phones have also been employed as optical devices used for early diagnosis of cataracts in the human eye [86] . Instead of examining back-scattering from the eye, as it is conventionally done with bulky and expensive equipment requiring highly trained medical staff, this mobile diagnostic tool relied on forward scattering and user interaction, even allowing for self-evaluation. An eyepiece attached to the cellphone display projected patterns to which the user responded in real-time. Collected data were then used to reconstruct opacity and attenuation maps of the user's eye and determine the severity of the medical condition.
Development of diagnostic assays that simultaneously quantify multiple biomarkers in POC formats is especially desirable for diagnostics in resource-limited settings. Towards this end, Ming et al. demonstrated the capability of mobile phone based fluorescence imaging for multiplexed detection of DNA corresponding to several infectious pathogens, see Fig. 9(a) [87] . This was achieved by integrating quantum dot barcoding technology with a mobile phone based microscope, where each QD barcode microbead with different emission color was conjugated with a different DNA sequence. The LOD of this system has been established as 1000 copies/mL, which enables the diagnosis of various infectious diseases such as HIV, HBV, and HCV in a single test.
As another example, Laksanasopin et al. developed a low power consumption smartphone attachment that can perform triplexed ELISA assays specific to HIV and syphilis [12] . This mobile attachment integrated silver-enhanced ELISA assays running in a microfluidic channel [88] , and utilized a mechanical pump for liquid mixing and the audio jack for power and data transmission between the mobile phone and the attachment, which significantly reduced the power consumption to 0.22 mWh per test, allowing to run ∼40 tests on a single battery charge. The detection sensitivities for HIV, treponemal and nontreponemal syphilis on this mobile device were established at 100%, 92% and 100%, respectively, performed by local health care workers, using fingerprick whole blood samples from 96 patients in Rwanda.
In addition to mobile phones, emerging wearable technologies, such as Google Glass, can also provide new imaging and sensing functions for POC diagnostics with complementary capabilities to those of mobile phones, given their hands-free and voice-activated user interface. This capability was recently explored using Google Glass for digital quantification of RDTs, see Fig. 9(b) [89] . Quick response (QR) code identifiers were used for labeling the RDTs, so that one or more RDTs can be simultaneously imaged with the built-in camera of the Glass, taking advantage of its hands-free and voice-controlled user interface. Qualitative HIV and quantitative PSA tests were used, where custom algorithms running in remote servers processed the QR-tagged images captured by Glass and rapidly returned the qualitative and/or quantitative results to the user, displayed through the Glass screen.
V. CHALLENGES AND FUTURE PERSPECTIVES
The emerging potential and market opportunities enabled by mobile phone based microscopy and sensing platforms developed for POC applications have generated a growing interest in this field. Ongoing contributions from researchers of various scientific disciplines, along with continuous improvements in imaging and other technologies embedded in mobile phones, create expanding possibilities and better performance for a number of applications. However, various important challenges such as clinical validation, standardization, security, and health care regulations/approvals [7] , [90] , among others, must be overcome to position mobile phone based imaging and sensing platforms at the front of POC applications.
Within the next decades, the number of users of mobile phone based microscopy, sensing and diagnostic platforms is expected to increase significantly. Because these platforms are in general high-throughput and digitally-connected, they will create a rapidly expanding network and generate large amounts of data. This might eventually surpass the availability of human experts for data classification, analysis, and diagnosis. Therefore, strategies to appropriately handle the constantly expanding database generated by mobile phone based measurement platforms will be necessary, for instance, by using crowd sourcing methods and integrating/combining machine learning with human expertise [1] , [13] , [91] . In addition to these, other significant challenges that need interdisciplinary and large scale coordinated solutions include rapid assessment of data quality (e.g., to eliminate false or contaminated data right on the spot), standardization and regulations for data/metadata as well as mobile phone based measurement hardware and peripherals, formation of public data repositories and secure integration of resulting data with existing electronic health record and clinical decision support systems.
VI. CONCLUSION
Over the past decade, researchers around the world have successfully developed a variety of mobile phone based microscopy and sensing platforms for POC applications. Initial implementations were mainly based on the idea of miniaturizing existing microscopy technologies to make them compact and field-portable. More recently, it has been recognized that emerging technologies such as computational imaging can provide advantageous capabilities for imaging of microscale objects over large FOVs with a high spatial resolution while also using compact and cost-effective imaging architectures. In parallel to these advances, fluorescence microscopy on a cellphone has also advanced significantly, and enabled imaging and detection of, e.g., individual viruses and single DNA molecules that are stretched, further expanding the capabilities of mobile phone microscopy platforms. Many of these rapid technological advances have been enabled by the massive scale of mobile phone users in the world, and are made possible through economies of scale.
Imaging based sensing with mobile phones using, e.g., fluorescence and colorimetric assays, has seen a prolific growth with applications ranging from medical diagnostics to environmental monitoring. This is possible thanks to the development of portable, easy-to-use and cost-effective tests and lab-on-a-chip platforms with sufficient sensitivity and accuracy that allow detection of a wide variety of targets. Also, the cellphone's ability to transmit data and create spatiotemporal maps in real time from these measurements is especially important in situations that threaten public health, such as disease outbreaks or contamination of water sources.
Recent progress in this field has also made it possible to demonstrate the applicability of these mobile phone based imaging and sensing platforms to POC diagnostics in clinical settings, using patient samples, validating their performances against conventional gold standard techniques and devices. Another important recent advancement is the implementation of multiplexed diagnostic assays on mobile phone based platforms, which can help further lower health care costs and are especially desirable in resource-limited settings. Furthermore, in addition to mobile phones, emerging wearable technologies, such as Google Glass, offer exciting opportunities in POC diagnostic applications that researchers have started to explore. All of these advances have the potential to transform and democratize measurement science, broadly defined, with significant impact for scientists, engineers, and educators, at a global scale.
